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Abstract

In order to improve the efficiency and flexibility of the switched reluctance generator, a novel deflection double stator
switched reluctance generator was proposed based on the structural characteristics of the switched reluctance motor. The
magnetic flux of the generator was analyzed by magnetic circuit analysis method, obtaining the matrix expression of the
average magnetic flux of the stator and rotor. Then it is transiently simulated by electromagnetic analysis software to calculate
the radial and tangential components of the core magnetic density of the generator. At the same time, the calculation results
of the finite element method are compared with the results of the analysis method to verify the correctness of the analytical
method model. Finally, the calculated magnetic density component is transformed by Fourier transformation to obtain the
corresponding harmonic analysis. And the ellipse method was used to calculate the iron loss of the generator, compared with
the experimental results to illuminate the accuracy of the iron loss calculation scheme.

Keywords Double stator - Switched reluctance generator - Magnetic density - Ellipse method - Iron loss

1 Introduction

Compared with ordinary generators, switched reluctance
generators (SRG) have the advantages of simple structure,
low cost, high power density and strong working ability.
In addition, the double stator motor has high precision,
fast response and large acceleration. Under the condition
of limited space, the volume and weight of the mechanical
system can be greatly reduced. When used as a generator,
the two stators can simultaneously output induced voltage,
which has a wide application prospects [1-3]. Combined
with the existing deflectable multi-degree-of-freedom motor,
this paper proposes a new deflection double stator switched
reluctance generator (DDS-SRG). The unique structural
design and flexibility enhance the reliability, fault tolerance
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and application field. Because of the periodic variation and
the serious local saturation of the magnetic circuit in SRG,
the non-sinusoidal flux density in the core and nonlinear
space vector make magnetic density analysis and iron loss
calculation more complicated. Iron loss is one of the impor-
tant factors affecting the efficiency of generators, so the cal-
culation of core magnetic density and loss of generators is
of great significance [4-7].

In this paper, the magnetic flux analysis method is used to
analyze the magnetic flux in the core. In the transient state,
the output current, load current and the magnetic density of
the stator and rotor are calculated by electromagnetic analy-
sis software. On the basis of this, the ellipse method is used
to calculate the core loss of the generator. Finally, the iron
loss data is indirectly measured by the experimental platform
to verify the accuracy of the calculation scheme.

2 Structure and Control Method of DDS-SRG
2.1 Introduction of Generator Structure

The overall structural model of DDS-SRG is shown in
Fig. 1.
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Fig. 1 Overall structure of DDS-SRG
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Fig. 2 Internal structure of the generator

The outer stator of the generator is directly connected to
the outer housing, and the inner stator is fixed to the base
by the inner stator bracket. A joint bearing is connected
between the shaft and the inner stator bracket, so that the
rotor can be deflected within a certain range.

In Fig. 2a, b show the stator structure and the rotor
structure of DDS-SRG, respectively. From the Fig. 2, the
stator structure consists of two parts: the inner stator and
the outer stator. The outer teeth of the inner stator and the
outside rotor are convex spherical, and the inner teeth of
the outer stator and the inside rotor are concave spherical.
The teeth of stator and rotor have 12 and 8, respectively,
and the rotor teeth staggered. The diaphragm is located
between the inside and outside of the rotor, which sepa-
rates the inner and outer magnetic circuits of the rotor and
does not interfere with each other. Therefore, the whole
generator can be regarded as an outer rotor generator
(inner generator) consisting of inner stator and inner rotor,
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Table 1 Structural parameters of generator

Parameters Parameter values
Outer diameter of external stator/(mm) 210 mm
Inner diameter of inner stator 9.45 mm
Inner diameter of rotor 30.31 mm
Outer diameter of rotor 75.5 mm
Air gap length 0.5 mm
Number of stator teeth N 12
Number of rotor teeth N, 8

Stator pole arc 15°

Rotor pole arc 16.2°
Height of outer stator yoke 9.50 mm
Height of inner stator yoke 8.25 mm
Height of rotor yoke 11.2 mm
Iron core length 60 mm
One-way deflection range 0-17°
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Fig.3 The winding connection mode of the generator

and an inner rotor generator (outer generator) comprising
of outer stator and outer rotor. The main structural param-
eters of the generator are shown in Table 1.

2.2 Winding Connection Mode of Generator

The winding connection mode of the generator is shown
in Fig. 3. The outer and inner stators are each divided into
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three phases, respectively, namely A B C and D E F. In the
Fig. 3, the blue arrow indicates the current direction inside
the winding. It can be seen that the current between the
adjacent two-phase windings is opposite in direction and
different in polarity. The winding connection of the inner
stator and the outer stator is NSNS...NSNS distribution.

3 Flux Waveform of DDS-SRG

3.1 Basic Frequency of Magnetic Flux Density
of Generator Core

According to the structural characteristics of the generator,
the switching frequency of the inner stator winding and the
outer stator winding are the same, so the basic frequency
of the flux density of the two cores is the same. When the
outer stator windings A, B and C (or inner stator windings
D, E and F) complete a switching period at one time, the
rotor rotates a pole distance, so the flux frequency of the
outer stator (inner stator) pole is [8, 9]:
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where, f; represents the fundamental frequency of flux den-
sity of the outer stator (inner stator), T is a switching period
of the electrified winding, Z. is the number of teeth poles on
the outside or inside of the rotor, n is the rotational speed
of the rotor driven by the prime mover, and  is the angular
speed of the rotor. The expression of the basic frequency of
the flux density of the rotor core is:

_Kn Ko

fr—@—g 2

where, K represents the number of cycles of the magnetic
field polarity distribution of the outer stator (inner stator)
(1<K<Z/2). Since the outer stator and the inner stator
windings are connected by NSNS... NSNS, the value of K
is 6 [10-12]. Z; is the teeth number of the outer stator or the
inner stator. The stator magnetic flux frequency is related to
the rotor speed and the number of rotor teeth. In the core of
the rotor, the basic frequency of magnetic density is related
not only to the speed, but also to the connection mode of
the windings.

3.2 Analytical Calculation of Generator Flux

Because the internal electromagnetic relationship and opera-
tion characteristics of the generator are complex and change-
able, the linearization of its mathematical model can facilitate
the analysis and calculation of various physical variables.
The relationship between phase winding flux y and rotor
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Fig.4 Diagram of phase winding flux linkage of generator
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Fig.5 Part flux structure diagram of generator

position angle 6 in the linear model of generator is shown in
Fig. 4. The rotor speed is 300 r/min. In the internal generator,
the turn-on angle and turn-off angle of the switch are 17.5°
and 32.5°, respectively. In the external generator, the switch-
ing-on angle is 8° and the switching-off angle is 23°, so that
DDS-SRG operates in a low-speed power generation state.

Within an inductance period, the expression of winding
flux linkage is:

200 - 0,,), (Oon <0 < Opp)
%(2‘90ff —0,,—0), (O.4=<0<1e204—-6,)
0, (Otherlocation)

WZ:

3
where, v, represents the phase winding flux linkage of the
generator, and z represents the A to F six phases. U is the
excitation voltage of the outer stator winding (inner stator
winding) of the generator, w, is the angular velocity of the
rotor, and @ represents the rotor position angle. 6, and 6
are the position angles of the rotor corresponding to the
moment when the power supply of the stator winding is
turned on and is turned off, respectively [13].

As shown in Fig. 5, 1, 2, 3, 1', 2', and 3’ represent the
yoke between the two teeth of the outer stator. 4, 5, 4, and 5’
is the teeth on the outer side of the rotor. 6, 7, 6, and 7' rep-
resent the yoke between the two teeth on the outside of the
rotor. 8, 9, 8', and 9' represent the yoke between the two teeth
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on the inside of the rotor. 10, 11, 10" and 11’ represent the
teeth on the inside of the rotor. 13, 14, 15, 13’, 14" and 15’
represent the yoke between the two teeth of the inner stator.

Since the working principle of the internal generator and
the external generator is the same, only the conduction time
of the internal generator is 7.5° behind the external generator,
and the excitation voltage is small, so the generator composed
of the outer stator and the outer side of the rotor is the main
analysis object. The variation law of the three-phase mag-
netic flux of A, B and C is analyzed under the ideal linear
model. y,, yg and y are the flux linkages of the each phase
windings, @, 5, P,p and D are the magnetic fluxes of the
each phase windings, and N, is the number of windings for
each phase. It is prescribed that the generator rotor rotates
counterclockwise to the positive direction, and the direction
from the inner diameter to the outer diameter is the positive
direction of the magnetic flux in the stator and the rotor teeth.
The counterclockwise direction is the positive direction of the
magnetic flux in the stator and the rotor yoke. Excitation in the
order of A-B—C—A, the magnetic flux expression of the teeth
of the outer stator can be obtained as [14—16]:

Dp ]
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The expression of the flux at the yoke of the outer stator is:
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The magnetic flux expression of the outer tooth of the
rotor is:
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The magnetic flux expression of the outer yoke of the
rotor is:
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The @ |, Dy, D3 Pycts Pocrs Pz 10 (5)—(9) represent
the magnetic fluxes at the outer stator yokes 1, 2, 3, 1', 2/,
3', respectively in Fig. 5. @, @y, Dyp, Py represent
the magnetic fluxes at the outer tooth pole 4, 4', 5, 5’ of the
rotor, respectively and @, @cy\, D, P, correspond to
the magnetic flux of the outer yoke of the rotor, respectively.
Each row in the flux matrix corresponds to the external sta-
tor three-phase winding wheel circulating once, that is, one
switching cycle. Each column corresponds to the magnetic
flux pulse of the tooth or yoke when the phase winding is
energized. Therefore, the phase difference between the lines
and the columns is one switching period, and one power
supply period, respectively.

According to (4)—(9), the magnetic flux waveforms of the
generator stator and the rotor tooth portion and the yoke por-
tion are obtained, as shown in Fig. 6. Since the structure of
the generator is completely symmetrical, the rotor rotating
one full cycle is two complete cycles, so the magnetic flux
waveform of 0°-180° is selected for analysis. Figure 6a, b
are the magnetic flux waveforms of the yoke portion of the
stator tooth portion. It is apparent that there are four com-
plete small periods in the range of 0°-180°, each of which
is 45°. The magnetic flux waveform of the rotor tooth por-
tion and the yoke portion is shown in Fig. 6¢, d, which are
divided into three small periods with 60°. The magnetic flux
waveforms on the inner stator and the inside of the rotor are
substantially identical to that on the outer stator and the out-
side of the rotor. The internal motor has a flux amplitude of
0.025 Wb and the external motor has a flux amplitude of 0.2
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Fig.6 Flux waveform of generator stator and rotor

Whb. This corresponds to the excitation voltage of the inner
motor being 1/8 of the external motor excitation voltage. The
conduction time of the driving circuit connected to the inner
stator winding sequentially lags the outer stator winding by
7.5°, which is consistent with the angle of the internal and
external motor magnetic flux waveforms in Fig. 6.

4 Analysis of Finite Element Simulation
Results

The core loss of DDS-SRG is closely related to the internal
magnetic field of the motor. The magnitude and frequency
of the core magnetic density have a decisive influence on
the iron loss. In order to make a better comparison between
the finite element method and the analytical method, the
electromagnetic simulation software is used for the overall
modeling analysis of DDS-SRG itself and the power circuit.

4.1 Macroscopic Magnetic Field Analysis

According to the structural characteristics of the generator,
the connection modes of the inner stator winding and the
outer stator winding are all reverse parallel, and the magnetic
pole distribution mode is a symmetrical magnetic field of
NSNS...NSNS (N pole and S pole alternate connection).
In the case of rated load, the aligned, intermediate and mis-
aligned position of the rotor are analyzed. The alignment
position indicates the timing at which the rotor tooth center
line is aligned with the stator tooth center line, the middle
position indicates the moment when the rotor tooth pole par-
tially overlaps the stator tooth pole, and the misalignment
position indicates the rotor tooth center line coincides with
the stator slot center line [17]. Since the inner stator and the
outer stator are the same, only the outer stator is analyzed.
Figure 7 shows the distribution of the magnetic lines of the
rotor at different positions.

According to the distribution of the magnetic field lines
of the generator in Fig. 7, it generates a corresponding cur-
rent to form a magnetic field when a phase winding is turned
on. In the aligned position, almost most of the magnetic lines
of force reach the outer teeth of the rotor from the outer sta-
tor teeth and pass through the air gap. Since the magnetic
resistance between the magnetic poles is small relative to
the air gap, the main magnetic flux is the largest. The inter-
mediate position shown in Fig. 7b indicates the distribution
of magnetic lines of force when the rotor reaches the mis-
aligned position from the aligned position. Only a small part
of the magnetic lines pass through the air gap and reaches
the yoke of the outer rotor directly from the tooth pole. In the
unaligned position, the magnetic lines of force pass through
the two poles very rarely, indicating that the air gap reluc-
tance is relatively small at this position.

@ Springer
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Fig.7 Magnetic field line diagram of generator at different positions

4.2 Microscopic Magnetic Density Analysis

The DDS-SRG model is used for the instantaneous simula-
tion of the circuit-magnetic field coupling, and the wave-
forms of the magnetic flux density of the stator and rotor
core with time are obtained. The working principle of SRG

@ Springer

Fig. 8 Unit node distribution diagram of generator core

determines that the magnetic density of different parts of the
core changing with the rotor position. That is, the magnetic
density of each unit is a space vector whose magnitude and
direction change with time (rotor position). Expression is:

B, = B,¢, + By, (10)
where I§, represents the composite vector of the magnetic
density of each unit. B, represents the magnitude of the
radial component of the magnetic density, and By, represents
the magnitude of the tangential component of the magnetic
density. €, represents a radial unit vector, and €, represents
a tangential unit vector. In order to study the specific situa-
tion of the magnetic field changes in the core, some repre-
sentative points in the core were selected as the key analysis
objects. Figure 8 shows the distribution of the points in the
outer stator core and the outside core of the rotor. The three
points a, b and c in Fig. 8, respectively represent the tip of
the tooth, the middle of the tooth and the root of the tooth in
the outside stator core. The three points d, e, and f represent
the yoke between the AB phases, the yoke between the BC
phases and the yoke between the CA phases of the outer
stator. In the outer core of the rotor, the four points a’, b’, ¢’
and d’, respectively represent the tip of the tooth, the middle
of the tooth, the root of the tooth and the yoke.

In the transient state, the synthetic magnetic density and
magnetic density components of each unit node in Fig. § are
simulated. The rotor position angle is used instead of time
as the abscissa, and the amplitude of the magnetic density
component is the ordinate. The direction of each physical
quantity is consistent with the magnetic circuit analysis
method. When the rotor is rotated by 180°, the waveform of
magnetic flux density varying with the position of the rotor
at each point is obtained.

The simulation waveform of magnetic flux density at
each point of the outer stator tooth pole of the generator is
shown in Fig. 9. The simulation results show that the radial
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Fig.9 Magnetic density waveform of generator’s outer stator teeth

Fig. 10 Magnetic density waveform of generator’s outer stator yoke

component B, of magnetic flux density is much larger than
the tangential component By. In the radial magnetic density
component of the tooth pole, the maximum amplitude of the
point at the middle of the tooth can reach 2.1 T, while the
point at the tip and root of the tooth is relatively small about
1.5 T. Figure 9d shows the synthetic magnetic density in the
teeth of the three phases A, B, and C. The amplitudes are
basically the same about 1.3 T, the frequency of change is
the same, and the difference is only 15° in phase.
The yoke magnetic density waveform of the generator
outer stator is shown in Fig. 10. From Fig. 10a, there is
almost no radial component Br in the yoke magnetic density
between AB phases of the outer stator. The tangential com-
ponent By of the magnetic density is near 1.3 T, and the rotor
angle corresponding to a period is 45°, in which the posi-
tive direction is 2/3 of the magnetic density period and the
negative direction is 1/3. The waveforms of the tangential
components of the magnetic density of the outer stator yoke
BC and the yoke CA are shown in Fig. 10b. Combining with
Fig. 10a, it is found that the waveform shape and amplitude
of the magnetic oscillating component at the three element
nodes are basically the same, which is consistent with the
tooth pole part, except that the phase difference is 15° in
turn, and the direction of the yoke BC is opposite to that
of the yoke AB and CA, due to the connection of the outer

stator using NSNS...NSNS.
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Fig. 11 Magnetic density waveform of the outer tooth pole and yoke »
of the rotor

It can be seen from Fig. 11 that the radial magnetic den-
sity component B, is larger in the tooth pole outside the
rotor, while the tangential magnetic density component By
is larger in the yoke. According to Fig. 11a—c, it can be con-
cluded that the period of each element node in the tooth pole
is 60°, the change frequency is the same, and the magnetic
density is in positive and negative staggered distribution,
which is also determined by the NSNS...NSNS of the outer
stator windings. When the rotor rotates at 60°, the magnetic
polarity of the stator winding corresponding to the outer
tooth pole of the rotor is the same, but the direction changes.

The results of magnetic density analysis by finite element
method are shown in Figs. 9, 10 and 11. Compared with
the flux waveform Fig. 6 analyzed by the previous analyti-
cal method, it can be found that the amplitudes of the two
methods are different, which is determined by the number of
turns of each phase winding and the unit magnetic flux area.
However, the waveform change trend is basically the same,
and the same as the period, which verifies the availability of
the analytical method.

4.3 Air Gap Magnetic Density Analysis

Since the generator is a double stator structure, there is an air
gap inside and outside the rotor. Taking the inner air gap of
the rotor as an example, the analysis is performed under the
condition of the generator rotating. Considering the special
structure of the generator and the distribution of the air gap
magnetic field, the air gap magnetic field model is estab-
lished by the spherical coordinate system shown in Fig. 12,
and the P point is any point in the magnetic field outside
the rotor air gap. Figure 13 is a 3D distribution diagram
of the outer air gap magnetic field magnetic density of the
generator in the spherical coordinate system. Figure 13a is
the distribution of the magnetic flux density B of the external
air gap magnetic field along the spatial angle ¢, 8. In the
spherical coordinate system, the r, ¢, and 0 of external air
gap magnetic field magnetic density are, respectively shown
in the parts (b), (c) and (d) of Fig. 13.

As shown in Fig. 13a, the ¢ ranges from 0° to 360°, cor-
responding to one revolution of the generator. Under the
influence of the ¢, the changing period of B is 180°, and the
maximum value appears near ¢ =40° and ¢ =220°. It cor-
responds to the position where the generator rotor tooth is
aligned with the inner stator tooth pole in one cycle. At this
time, the magnetic resistance is the smallest and the mag-
netic density is the largest with the maximum value 0.7 T.
Under the influence of the 6, the changing period of the air
gap magnetic density B is 60°. During a change period, the
curve of B is rectangular, corresponding to the magnetic
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Fig. 12 Angle definition diagram

field lines emanating from the N pole and flowing to the
S poles on the adjacent sides of the same phase. As shown
in Fig. 13b, the change in the radial magnetic density B, in
the @ direction has the same distribution tendency as the
magnetic density B, but the amplitude is slightly smaller,
which is 0.5 T. The changing period of the radial magnetic
density B, is 180° under the influence of ¢, and two peaks
appear in one period, which are around 30° and 120°. Fig-
ure 13c shows that the amplitude of the air gap magnetic
density component B(p is small overall, which is 0.1 T, and
the distribution trend is not obvious. Figure 13d shows that
the change in the air gap magnetic density component By in
the ¢ direction is the same as B,. It has a rectangular wave in
the range of 0°-60° in the @ direction, and the amplitude is
0.35 T. The amplitude of By in the range of 0°—60° is gradu-
ally reduced from 0.15 to O T. It can be seen that the air gap
magnetic field of the rotor inside is mainly composed of the
radial component B, and the € direction of component By
when the generator is in the rotation state.

5 Iron Loss Calculation of The Generator

5.1 Non-sinusoidal Magnetic Field Core Loss
Calculation

The non-sinusoidal and non-linear core flux density of
SRG makes the calculation of core loss more complicated
[18-21]. At present, the theory of iron core loss separation
proposed by Bertotti et al. is commonly used in engineering.
That is, the iron loss mainly has three parts: eddy current
loss P, hysteresis loss P}, and residual loss P,. In the region
of low frequency medium magnetic field and strong mag-
netic field, iron loss is mainly expressed as P, and P,. The
specific expressions are as follows:

PFe=Pe+Ph+Pc (11)
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Fig. 13 Three-dimensional distribution of inner air gap magnetic field
magnetic vector of generator rotation

where, Py, represents iron loss per unit volume, P, and Py,
are eddy current loss and hysteresis loss per unit volume,
respectively, and P, is residual loss per unit volume. When
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calculating the iron loss, the residual loss P, is generally
ignored. If the core is in a sinusoidal magnetic field, the
formula for calculating iron loss is as follows:

Pp. =P, + P, = Cf*B,, + C,fB". (12)
where, C, and C, are eddy current loss coefficients and hys-
teresis loss coefficients, which are related to the properties
of core materials. fis the sine flux frequency, and B, is the
average flux density. When B, <1, n takes 1.6, and when
B >1, ntakes 2.

However, the magnetic field in most electromagnetic devices
is not sinusoidal. In this case, the influence of harmonics on the
core loss should be considered. Due to the nonlinearity of the
ferromagnetic material, the calculation of the core loss does
not satisfy the superposition principle, and that is, the core loss
generated by the total magnetic density is not equal to the sum
of the fundamental wave generated by the magnetic dense Fou-
rier decomposition and the core loss generated by a series of
harmonics. Therefore, the calculation of the core loss of a non-
sinusoidal magnetic field is very difficult. Lavers et al. proposed
in 1976 to consider the eddy current loss correction coefficient
K. and the hysteresis loss correction coefficient K;, of the lami-
nated core in consideration of harmonics to correct the iron loss
calculation formula (12), which can analyze the eddy current
loss of non-sinusoidal flux. The specific expressions of K, and
K, are as shown in Eqgs. (13) and (14), respectively:

B1>2 n (iBi>2
K=\ % = (13)
<l%7 ;g; L&

K, =

|
+
|
<
o]

i (14)

where, B, is the peak of magnetic density, B, is the ampli-
tude of the fundamental magnetic density, i is the harmonic
order, n is the highest harmonic order counted, k is a con-
stant (between 0.6 and 0.7), and N is magnetic density. The
number of pulsations of the waveform in one cycle, AB; is
the pulsating peak-to-peak value of the ith harmonic mag-
netic-density waveform.

When calculating the core loss of a non-sinusoidal mag-
netic field, the Fourier decomposition of the magnetically
dense waveform is first performed, and the iron loss value
generated by each harmonic is calculated by the fundamental
wave and each harmonic according to the formula (12). The
correction yields an estimate of the core loss under a non-
sinusoidal magnetic field, as shown in Eq. (15):

Pp, =K,Cf* ) K*B2+K,C,\f Y kB, (15)
k=1 k=1
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Fig. 14 Elliptical magnetic field diagram

5.2 Ellipse Method

According to the previous analysis, the magnetic density
waveforms of each unit in the generator core are obtained.
In this paper, the ellipse method is selected to calculate the
core loss of the generator, which is solved by the orthogonal
equivalent theory of core loss and the core loss separation
theory. The orthogonal equivalent theory of core loss refers
to the fact that the magnetic field of any unit in the stator
and rotor core of a generator can be decomposed into two
orthogonal alternating magnetic fields, and the hysteresis
loss and eddy current loss can be calculated, respectively.
The magnetic field in the core of a rotating motor can be
divided into alternating and rotating magnetic field, where
the magnetic density amplitude changes and the direc-
tion remains unchanged is alternating magnetic field. The
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0.7 . . . T T ; T T Table 2 Core loss under rotation
06 R Core part Eddy cur- Hysteresis loss/W  Total loss
05 rent loss/W of core/W
. Outer stator tooth 38.53 9.30 47.83
; 04 Outer stator yoke 43.26 10.35 53.61
= 03 Inner stator tooth 9.66 3.20 12.86
02 Inner stator yoke 9.51 2.19 11.70
Lateral rotor teeth 23.49 13.82 37.31
01 Outer rotor yoke 27.92 17.08 45.00
0 Rotor inner tooth 6.08 4.55 10.63
Inner rotor yoke 9.71 7.90 17.61
k Whole core 168.16 63.39 236.55
(a) Harmonic diagram of radial magnetic density
component
0.12
5.3 Core Loss Analysis Results
0.1
008 Figure 15 is the amplitude of each harmonic of the radial
magnetic density component B, and the tangential magnetic
E 0.06 density component By of point A.
I~ From the above analysis, hysteresis loss and eddy current
0.04 loss of each element of core can be obtained. According to
002 (11), the expression of calculating iron loss by ellipse method

(b) Harmonic diagram of tangential magnetic
density component

Fig. 15 Magnetic-density harmonic diagram of outer stator tip unit

magnetic density amplitude is constant, and the direction
changes is a rotating magnetic field.

The elliptical magnetic field at point A of the tooth tip of
the external stator is shown in Fig. 14a. The radial magnetic
density component B, of the point is in the longitudinal coor-
dinate, the tangential magnetic density component By is in
the abscissal coordinate, and the vector from the coordinate
origin to a point in Fig. 14a is the composite magnetic den-
sity vector. It can be seen that the direction and amplitude of
the composite magnetic density of the outer stator tip have
changed, so there are alternating magnetic field and rotating
magnetic field in the core magnetic field at the same time.
Figure 14b is an elliptical magnetic field formed by the 1,
2, 3, and 4th harmonic magnetic components of the point
after the magnetic dense Fourier decomposition, in which
the long and short axis magnetic density is, respectively
Bkmax and Bkmin'

can be obtained as follows:
2
HB)

+ Bzmin >

— 2 2 2
PL=Cf 3k (82

P=Cf k(B

a;

(16)

‘max

where, P.' and P’ are, respectively the eddy current loss and
hysteresis loss of each unit, fis the flux frequency of stator
or rotor, k is the number of harmonics, and m is the highest
harmonic number. By, and B,,;, represent the maximum
and minimum amplitudes of kth harmonics, respectively.
Therefore, the total core loss of the generator is shown in
the following formula:

N
PFe=Z(Pej+Phj)Vj a7
=1

where, N is the total number of generator stator and rotor
units, P and Py; are the eddy current loss and hysteresis loss
of the jth unit, respectively, and V; represents the volume of
the jth unit. The type of silicon steel sheet used in the stator
and rotor cores of the generator is DW465-50. The eddy
current loss coefficient C, is 0.0001494 and the hysteresis
loss coefficient C, is 0.0319. The eddy current loss and hys-
teresis loss of each part of the generator are calculated as
shown in Table 2.

From the Table 2, it can be seen that the different parts
of the generator core produce different loss values. Obvi-
ously, the iron loss of the outer stator and the outside of
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the rotor is much greater than that of the inner stator and
the inner rotor. Among them, the proportion of stator iron
loss relative to the whole core is 53.27%, the iron loss
value of teeth is slightly larger than that of yoke, the pro-
portion of rotor is 46.73%, and the iron loss value of teeth
is slightly smaller than that of yoke, contrary to that of
stator. In addition, in the type of iron loss, the proportion
of eddy current loss of stator core is about 80% and that of
rotor core is about 60%. Both of them are larger than the
value of hysteresis loss, which is mainly affected by the
flux frequency of stator and rotor.

6 Experimental Verification of Generator
Core Loss

When DDS-SRG is in steady-state operation, the internal
loss of the core cannot be directly measured. It is necessary
to obtain the results indirectly by means of the copper loss,
mechanical loss and stray loss of the generator. The expres-
sions for calculating core loss are as follows:

PFe:Pl_PZ_PCu_wa_PA“ (18)

where, P, represents input power, P, represents output
power, P, represents copper loss, Py, represents mechani-
cal loss, P, represents stray loss.

The winding wire gauge is 1 —@0.95, ignoring the skin
effect of the winding surface, and the copper loss of the
winding can be calculated as shown in (19):

Pey =gl R, (19)

where, g represents the number of phases, I, represents the
effective value of the phase winding current, R, represents
the resistance, and the effective value of the phase current
can be obtained by (20):

N, [%
L / i2(0)do
277 9m

&

(20)

where, 6, is the opening angle of the switching tube, and 6,
represents the rotor angle corresponding to the freewheeling
of the phase winding. Mechanical losses mainly include fric-
tion loss and ventilation loss of bearings, which are generally
estimated according to (21) and (22):

F _
Pp=0.15-vx 10 5 QD
p =k (L)

y = V(E)Q (22)

where, P; is the bearing friction loss, P, is the ventilation
loss, F'is the bearing load, d is the diameter of the ball,
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Fig. 16 Experimental device

Table 3 Comparison of measured and calculated values of generator
iron loss

Region Experimental meas-  Value of
urements simulation
calculation
Internal core loss/W 54.34 52.80
External core loss/W 186.87 183.75
Total core loss/W 241.21 236.55

v is the circumferential speed of the rotor, and K, is the
coefficient related to the structure and temperature of the
generator, which is 0.18. The stray loss is estimated as 6%
of the total loss:

P, = (P, —P,)x6% (23)

As shown in Fig. 16, the experimental platform is com-
posed of generator, power supply, driver and oscilloscope.

Experimental test results and simulation calculation data
are shown in Table 3. The test results of the prototype show
that the calculation error of the core loss is within the allow-
able range, which verifies the accuracy of the core loss cal-
culation scheme.

7 Conclusion

The DDS-SRG has special applicable value because of its
high efficiency and flexibility. In this paper, the basic struc-
ture and control principle of the generator are introduced.
The core magnetic density and core loss of the generator
under the condition of rotation are mainly studied. The
magnetic flux waveforms of dual-stators and rotor cores
are analyzed by magnetic circuit analysis method, and the
overall qualitative analysis and calculation of magnetic flux
components are carried out by FEM. Fourier transform is
made according to the results of magnetic density calcula-
tion, and the harmonics are analyzed. The ellipse method is
selected to calculate the iron loss of the generator, and the
accuracy of the calculation scheme is verified by the indirect
measured experimental data, which has a certain reference
value for the follow-up study of the generator.
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Because of the particularity of the generator’s structure,
its design and performance analysis are quite different from
those of ordinary SRG. Therefore, the magnetic flux density
analysis in deflection state is the next key research object.

Funding Funding was provided by National Natural Science Foun-
dation of China (Grant nos. 51577048, 51877070, 51637001),
Natural Science Foundation of Hebei Province of China (Grant
no. E2018208155), Hebei Province Higher Education Science and
Technology Research Key Project (Grant no. ZD2018228), High-
energy-saving motor and control technology National and Local
Joint Engineering Laboratory Open Project Funded Project (Grant
no. KFKT201804) and Hebei Province Graduate Innovation Funding
Project (Grant nos. CXZZSS2018085, CXZZSS2019084).

References

1. Yu Q, Bilgin B, Emadi A (2015) Loss and efficiency analysis of
switched reluctance machines using a new calculation method.
IEEE Trans Ind Electron 62(5):3072-3080

2. Valdivia V, Todd R, Bryan F, Barrado A (2014) Behavioral mod-
eling of a switched reluctance generator for aircraft power system.
IEEE Trans Ind Electron 61(6):2690-2699

3. Yan W, Chen H, Chen L, Wang K (2017) Iron loss analysis on
switched reluctance motor under different control modes. IET
Electr Power Appl 11(9):1575-1584

4. Charton JT, CordaJ, Stephenson JM, Randall SP (2006) Dynamic
modelling of switched reluctance machines with iron losses and
phase interactions. IEE Proc Electr Power Appl 153(3):327-336

5. Heidarian M, Ganji B (2016) A dynamic simulation model based
on finite element method for switched reluctance generator. In:
International symposium on power electronics, electrical drives,
automation and motion (SPEEDAM). IEEE, Anacapri, Italy

6. Xu T, Yuan J, Wang Q, Chen H (2016) Inductance estimation
method for linear switched reluctance machines considering iron
losses. IET Electr Power Appl 10(3):181-188

7. Ding W, Liu L, LouJ, Liu Y (2013) Comparative studies on mutu-
ally coupled dual-channel switched reluctance machines with dif-
ferent winding connections. IEEE Trans Magn 49(11):5574-5589

8. YuQ, Gerling D (2013) Analytical modeling of a canned switched
reluctance machine with multilayer structure. IEEE Trans Magn
49(9):5069-5082

9. Chen L, Chen H, Yan W (2017) A fast iron loss calculation
model for switched reluctance motors. IET Electr Power Appl
11(3):478-486

10. Wang Q, Wang J, Nie R, Abbas S (2016) Position estimation of
linear switched reluctance machine with iron losses based on
eddy-current effect. IET Electr Power Appl 10(8):772-778

11. Yu S, Zhang F, Ahn J-W (2013) Efficiency of switched reluc-
tance generator according to current shape below rated speed. In:
International conference on electrical machines & systems, IEEE,
Busan, South Korea

12. Lee H-J, Park H-J, Hong H-S, Won S-H, Jin C-S, Lee B-S, Lee J
(2015) An analytic analysis of the multi-degree-of-freedom actua-
tor. IEEE Trans Magn 51(3):1-4

13. Li Z, Lun Q, Xing D, Gao P (2015) Analysis and implementa-
tion of a 3-DOF deflection-type PM motor. IEEE Trans Magn
51(11):1-4

14. Gravagne I, Walker ID, Rahn CD (2013) Large-deflection dynam-
ics and control for planar continuum robots. IEEE/ASME Trans
Mech 8(2):299-307

15. Li Z, Gao D, Dee J, Dee J, Ahn J-W (2012) Power closed-loop
control for high efficiency switched reluctance generator. In: Vehi-
cle power & propulsion conference. IEEE, Seoul, Korea

16. Liu X, Wang C, Chen Z (2015) Characteristics analysis of an
excitation assistance switched reluctance wind power generator.
IEEE Trans Magn 51(11):1

17. Choi D-W, Byun S-I, Cho Y-H (2014) A study on the maximum
power control method of switched reluctance generator for wind
turbine. IEEE Trans Magn 50(1):1-4

18. Chen H, Sun C, Wang Q (2014) Analysis of flux-linkage charac-
teristics of switched reluctance linear generator. IEEE Trans Appl
Supercond 24(3):1-5

19. Xue XD, Cheng KWE, Bao YJ, Leung PL (2012) Switched reluc-
tance generators with hybrid magnetic paths for wind power gen-
eration. IEEE Trans Magn 48(11):3863-3866

20. Burkhart B, Klein-Hessling A, Hafeez SA, De Doncker RW
(2016) Influence of freewheeling on single pulse operation of a
switched reluctance generator. In: International conference on
electrical machines & systems, IEEE, Chiba, Japan

21. Antoni A, Xavier R, Mickal H (2013) Enhancing the flux esti-
mation based sensorless speed control for switched reluctance
machines. Electr Power Syst Res 104(9):62-70

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Zheng Li received his Ph.D. degrees in electrical engineering and
power electronics and electric drive from Hefei University of Technol-
ogy, Hefei, China, in 2007. Currently, he is a Professor with the School
of Electrical Engineering, Hebei University of Science and Technology.
His current research interests include design, analysis, and control of
novel motors and actuators, intelligent control, and power electronics.

Xin Wang received the B.E. degree in electrical engineering and auto-
mation from Hebei University of Science and Technology, China.
Her research interest are switched reluctance generator and its control
method.

Liping Zhang received the B.E. degree in electrical engineering and
automation from Hebei Science and Technology Normal University in
2016 and is currently pursuing the M.S. in Hebei University of Science
and Technology. Her research interest includes battery SOC estimation,
and energy storage in the DC microgrid.

Lei Du received his B.E. degree in electrical engineering and automa-
tion from Hebei University of Science and Technology, China. His
research interests are Multi-physics coupling analysis and electromag-
netic calculation.

Qunjing Wang received his Ph.D. degree in Electrical Engineering
from University of Science and Technology of China. Currently, he is
a Professor and Doctoral Supervisor at National Engineering Labora-
tory of Energy-saving Motor & Control Technique, Anhui University,
in Hefei (China). His research interests include the special PM motor
and its drive system.

@ Springer



	Magnetic Field Analysis and Iron Loss Calculation of a Special Switched Reluctance Generator
	Abstract
	1 Introduction
	2 Structure and Control Method of DDS-SRG
	2.1 Introduction of Generator Structure
	2.2 Winding Connection Mode of Generator

	3 Flux Waveform of DDS-SRG
	3.1 Basic Frequency of Magnetic Flux Density of Generator Core
	3.2 Analytical Calculation of Generator Flux

	4 Analysis of Finite Element Simulation Results
	4.1 Macroscopic Magnetic Field Analysis
	4.2 Microscopic Magnetic Density Analysis
	4.3 Air Gap Magnetic Density Analysis

	5 Iron Loss Calculation of The Generator
	5.1 Non-sinusoidal Magnetic Field Core Loss Calculation
	5.2 Ellipse Method
	5.3 Core Loss Analysis Results

	6 Experimental Verification of Generator Core Loss
	7 Conclusion
	References




